There is increasing evidence that the neurotrophins, particularly nerve growth factor (NGF) and neurotrophin-3 (NT-3), play a role in the regulation of glial development in the CNS. Recent studies have shown that the proliferation of optic nerve-derived O2A progenitors (OLPs) is potentiated by NT-3 in combination with platelet-derived growth factor, whereas NT-3 alone supports the survival of their differentiated progeny . In this study, we have examined the expression of the high-affinity neurotrophin receptors (trks) and the low-affinity nerve growth factor receptor p75 in developing oligodendrocytes (OLs). In addition, we have examined the effects of NGF and NT-3 on proliferation and survival of OLPs and OLs, respectively. TrkC, the high-affinity NT-3 receptor, and trkA, the high-affinity NGF receptor, are both expressed from the early OLP through the mature OL stage. The truncated form of trkB, lacking the tyrosine kinase domain, and the low-affinity neurotrophin receptor p75 are expressed at low levels in OLPs and are upregulated in mature OLs. NGF and NT-3 both induced the phosphorylation of mitogen-activated protein kinase (MAPK) in OLPs and in OLs. In both OLPs and OLs, NT-3 sustained the activation of MAPK more than NGF. NT-3 enhanced the proliferation of OLPs and supported the survival of OLs. By contrast, unless coadministered with FGF-2, NGF did not exhibit mitogenic effects on OLPs but did enhance the survival of differentiated OLs. Our data demonstrate the presence of functional trkA and trkC in developing OLs and indicate that both NGF and NT-3 have a broad spectrum of developmental actions on cells of the OL lineage.
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Neurotrophins are a family of structurally related homodimeric proteins that regulate neuronal and glial development and function in the mammalian central and peripheral nervous systems (Barde, 1994; Davis, 1994; Snider, 1994) . TrkA, trkB, and trkC are high-affinity receptor tyrosine kinases that interact with the neurotrophins, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin 4/5 (NT-4/5) or NT-3, respectively (for review, see Barbacid, 1994) . In addition, there are multiple truncated receptor isoforms of both trkB and trkC that lack the cytoplasmic tyrosine kinase domain and, further, the trkC gene can also code for multiple kinase isoforms (Barbacid, 1994; Tsoulfas et al., 1994; Valenzuela et al., 1994) . Individual trks are necessary and sufficient to transduce functional responses to their cognate ligands Klein et al., 1994) . The low-affinity nerve growth factor receptor p75, which binds all neurotrophins, is a member of the tumor necrosis factor ␣ (TNF␣) receptor superfamily. p75 increases the ligand specificity of trkA, modulates trkA signal transduction Huber and Chao, 1995) , and interacts with the mitogen-activated protein kinase (MAPK) signaling cascade (Volente et al., 1993) .
In addition to neurons, glial cells of the CNS, including astrocytes Perez-Polo, 1992, 1995; Rudge et al., 1994) , oligodendrocytes, Wetmore and Olson, 1995) , and microglia (Gilad and Gilad, 1995) , also express receptors for and respond to the neurotrophins.
In the absence of specific epigenetic signals, oligodendrocyte progenitors (OLPs) exit the cell cycle, differentiate, and may undergo programmed cell death (Barres et al., 1992 ). Growth factors, or "oligotrophins," potentiate the proliferation of OLPs and promote the survival of newly generated postmitotic oligodendrocytes (OLs). Specific combinations of these growth factors potentiate their individual proliferative effects . For example, optic nerve-derived OLPs proliferate in the presence of PDGF-AA, NT-3, and insulin-like growth factor; a similar profile of proliferation of OLPs is thought to occur in vivo (for review, see .
The findings that transection of the developing optic nerve reduces the number of OLs and their precursors and that astrocyteconditioned medium supports OL survival suggest that both active nerve fibers and astrocytes secrete oligotrophins (Barres et al., 1992; Gard et al., 1995) . Further, delivery of neutralizing NT-3 antibodies to the developing optic nerve for 1 week significantly reduces the number of OLs present, demonstrating a crucial role for NT-3 in progenitor cell development in vivo . Although neurotrophins play an important role in the regulation of OL development, the expression of their receptors and the stages at which they exert their trophic action have not been fully defined. In this study, we used immunocytochemical and molecular analyses to demonstrate that developing OLs express trkA and trkC and that NGF and NT-3 each activate MAPK. In addition, we demonstrate that while NT-3 induces the proliferation of OLPs, both NGF and NT-3 support the survival of mature OLs.
MATERIALS AND METHODS
Primary culture preparation. Primary cultures of rat brain oligodendrocytes were generated from postnatal day 2 rat brains as described by Almazan et al. (1993) using a modification of the original technique of McCarthy and de Vellis (1980) . For immunostaining procedures and bromodeoxyuridine (BrdU) incorporation assays, oligodendrocyte precursors were plated by drop (70 l) onto poly-D-lysine-coated glass coverslips (Assistent) in 6-well culture dishes or spin-seeded on 8-well glass or Permanox poly-D-lysine-coated chamber slides (Nunc) at a density of 3000 cells/coverslip or well, respectively. For Western blot analysis, cells were plated on 6 or 10 cm Primaria (Falcon) dishes at a density of 4.5 ϫ 10 5 or 1 ϫ 10 6 cells/dish, respectively. For detection of activated MAP kinase, cells were plated on poly-D-lysine-coated 6-well dishes (Falcon) at a density of 2.5 ϫ 10 5 cells/dish. After the isolation procedure outlined in Almazan et al. (1993) , the cultures were grown in serum-free medium (SFM) (DMEM/F12, 1:1) containing 25 g/ml transferrin, 30 nM tri-iodothyronine, 20 nM hydrocortisone, 20 nM progesterone, 10 nM biotin, trace elements, 30 nM selenium, 5 g/ml insulin, 1 g/ml putrescine, 0.1% BSA, 100 U/ml penicillin, 100 g/ml streptomycin, and 100 g/ml amphotericin B (Life Technologies) and 2.5 ng/ml each of FGF-2 and PDGF-AA (UBI) for 4 d to promote their growth and to prevent cellular differentiation (Bögler et al., 1990) . After this 4 d expansion period, the cultures were coined day 0 (d0) cultures, after which the cells were cultured in SFM without PDGF-AA and FGF-2. The cultures were named d1 to d13 with respect to the amount of days cultured in SFM medium or under differentiating conditions. Using this culture paradigm, the cells differentiated to postmitotic oligodendrocytes by 5 d (see Survival Assay in Materials and Methods for explanation). Purified microglial cultures were obtained from the preplating protocol after the shaking step in the procedure for isolation of oligodendrocyte progenitors (see McCarthy and de Vellis, 1980) . These cultures were plated (2 ϫ 10 6 cells/dish) onto bacterial quality uncoated polystyrene culture dishes (Fisher) and grown in DMEM/F12 (1:1) containing 10% fetal bovine serum (Life Technologies) and 20 mM HEPES, pH 7.4 (complete media). The cells were harvested in Tri-Reagent (Molecular Research Center) after 4 d in culture. Astrocyte cultures were obtained after the oligodendrocyte isolation procedure. Briefly, the monolayers were trypsinized and replated in complete media at low density (40,000 cells per 60 mm dish). The cells were cultured for several days and harvested in Tri-Reagent when the cells had expanded to cover 80 -90% of the entire dish. By phase-contrast microscopy, the majority of these cells resembled type-1 astrocytes. Both microglia and astrocytes were used as control samples. These cellular lineage species may be found in highly purified cultures of developing oligodendrocytes (Ͻ5% determined by GFAP/ED1 immunostaining).
RT-PCR analysis. RNA isolated from developing OLs (d0 -d12), microglia (Mg), astrocytes (As), PC12 cells (PC12), and postnatal d2 rat brain was processed for RT-PCR to examine the detailed expression of trk family transcripts. Isolated RNA was treated with DNase to digest any contaminating genomic DNA and reverse-transcribed at 42ЊC for 45 min using random hexamers according to the manufacturer's instructions (Life Technologies, SuperScript). The resulting cDNA was quantitated and amplified (30 cycles) by standard PCR techniques using the following parameters: denaturation, annealing, and polymerization cycles for 1 min at 94, 55, and 72ЊC, respectively. PCR products were resolved on 1% agarose gel and were identified based on size and sequence. Omission of reverse transcriptase resulted in loss of signals in all cases, indicating that genomic DNA had not been amplified. The oligonucleotide primers listed in Table 1 were used to amplify the indicated trk receptor transcripts.
Immunofluorescence staining. For detection of lipid surface antigens, live cells were incubated with mouse IgM monoclonal antibodies A2B5 (Eisenbarth et al., 1979) , O4 (Sommer and Schachner, 1981) , or O1 (Sommer and Schachner, 1981) as diluted serum-free hybridoma culture supernatants (1:3) for 20 min at 37ЊC. The A2B5, O4, and O1 antibodies were used on cell populations with increasing degrees of cellular differentiation as determined by days in vitro without FGF-2 and PDGF-AA ( Table 2 for specificities and references). Similar procedures were carried out with preimmune serum (all 1:200) from rabbits used to generate the anti-TrkA-out, anti-TrkB-out, and anti-TrkC-out antibodies. The cells were rinsed three times with PBS followed by the simultaneous application of two secondary antibodies in blocking solution: goat anti-rabbit TRITC (1:150; Cappel) and goat anti-mouse IgM()-chain-specific FITC (1:250; Cappel). To verify the nonspecific interactions of the secondary antibodies, the immunocytochemistry protocols were performed without primary antibodies. These controls were repeated with all preimmune serum preparations. The cells were washed once in PBS containing Hoechst 33342 for 10 min to identify the number of nuclei per microscopic field. The coverslips were mounted with AquaMount (Polysciences), examined under an Olympus BX50F epifluorescent microscope (400ϫ magnification), and photographed using Kodak Ektachrome Elite 400 ASA film.
Western blotting. Protein and RNA fractions from highly enriched cultures of developing oligodendrocytes, astrocytes, and microglia were isolated using Tri-Reagent (Chomczynski, 1993) . The concentration of protein in the samples was determined by the BCA method (Pierce), using BSA as a standard. The RNA fraction was utilized for the corresponding PCR analysis. The proteins (5 or 10 g of protein/lane) were resolved for 90 min at RT by SDS-PAGE analysis on either 7.5% or 10% acrylamide gels and electroblotted at 4ЊC for 90 min to ECLNitrocellulose (Amersham). The membranes were placed in heat-sealed plastic bags and blocked for 1 hr at 37ЊC with 10% (w/v) dry skim milk (Carnation) in TBS (pH 7.6) ϩ 0.05% Tween-20 (Blotto) with 5% filtered normal goat serum (NGS; Vector Laboratories). The blots were quickly rinsed twice with TBS (pH 7.6) ϩ 0.05% Tween-20 (TTBS) once for 15 min and twice more for 5 min. The primary antibodies [rabbit anti-TrkAout, 1:1000; rabbit anti-TrkA-R, 1:2000; rabbit anti-TrkB-out 1:8000; rabbit anti-TrkC-out, 1:2000; rabbit anti-p75, 1:1000; mouse antiCNPase, 1:400 (IgG 1 , Sigma); mouse anti-myelin basic protein (MBP), 1:1000 (SMI99, IgG 2B , Sternberger Monoclonals)] were diluted in Blotto ϩ 1% NGS and then added to the nitrocellulose membranes packaged into heat-sealed plastic bags. The blots were incubated overnight at 4ЊC on an orbital shaker and washed. The secondary antibodies (goat antirabbit or anti-mouse), coupled to horseradish peroxidase (Bio-Rad), were diluted 1:5000 in Blotto ϩ 1% NGS and incubated with the membranes for 1-2 hr at RT. The blots were washed once for 15 min and four times for 5 min in TTBS before 1 min incubation in an enhanced luminol solution (SuperSignal, Pierce). The blots were dried, packaged in a sheet protector, exposed to Fuji X-ray film for 1-30 min, and developed in a Kodak automatic developer. Detection of phosphorylated MAP kinase. Oligodendrocyte progenitor (d0) or differentiated OL (d7) cultures were incubated with 50 ng/ml NT-3 or NGF for 5-180 min or varying doses of each growth factor (0.5-50 ng/ml) for 30 min. The cells were harvested with 150 l of ice-cold TBS, pH 7.6, containing 10% glycerol, 0.1% Nonidet P-40, 0.1% Triton X-100, 0.1% SDS, 1 mM PMSF, 5 g/ml leupeptin, and 0.3 mM sodium orthovanadate (lysis buffer). The lysates were quickly frozen on dry ice and later resolved on 7.5% acrylamide gels as described above. The gels were blotted onto 0.22 m supported nitrocellulose membranes (Micron Separations) and stained as described above, with an activation statespecific antibody for MAP kinase (rabbit anti-phospho-MAP kinase, New England BioLabs) at a dilution of 1:1000. The blots were stripped in Tris buffer (62.5 mM, pH 6.8) containing 2% SDS and 0.7% ␤-mercaptoethanol (stripping buffer) and reprobed with anti-MAP kinase (UBI, 1:4000) overnight at 4ЊC as described above. The resulting autoradiograms were scanned, and the relative density of each band was calculated using a National Institutes of Health Image software program. To standardize the activation or phosphorylation state of MAP kinase relative to the amount of MAP kinase present in each sample, the optical density of the phospho-MAP kinase was normalized to the relative density of total MAP kinase present (both phosphorylated and nonphosphorylated forms). Similar responses were obtained on three separate trials. The data are expressed as a percent of control Ϯ SEM.
Proliferation assay. To reduce basal proliferation rates, oligodendrocyte progenitor cells (d0) were deprived of exogenously added growth factors (PDGF-AA/FGF-2) for 24 hr. We used the MTT technique (see Survival Assay method below) to show that in the presence of bFGF and PDGF there is almost no cell death (2-4% of total cells). Further, growth factor withdrawal and application of SFM for 2 d resulted in an insignificant increase in the proportion of cell death (5-7% of total cells). Twenty-four hours after factor withdrawal (d1), NGF (0.1-100 ng/ml) or NT-3 (0.1-100 ng/ml) was added alone or in combination with PDGF-AA (2.5 ng/ml) or FGF-2 (2.5 ng/ml) for 24 hr. To label cells in S-phase, BrdU (10 M) was added to the cultures for the last 12 hr of propagation. The next day (d2), the cells were processed for O4 or for A2B5 immunocytochemistry as described (see Immunofluorescence Staining). Although the A2B5 antibody recognizes O2A progenitor cells, the O4 monoclonal antibody labels both progenitor cells (Bansal et al., 1992) and committed oligodendrocyte precursors, therefore labeling a larger population than A2B5 antibody alone. After washing and neutralizing the paraformaldehyde, the cells were processed further for BrdU staining according to the manufacturer's instructions (Boehringer Mannheim). The cells were washed and incubated with IgG-subtype-specific secondary antibodies to O4, A2B5, and BrdU (mouse anti-IgM-FITC, 1:250, Cappel; mouse anti-IgG1-TRITC, 1:200, Cappel) in blocking solution for 45 min. The cells were then washed once and incubated with Hoechst 33342 dye for 10 min to label the cell nuclei. The cells were washed three more times in PBS (10 min each), mounted, and analyzed as above. Greater than 90% of cells analyzed were either A2B5 ϩ or O4 ϩ . Each treatment was carried out in quadruplicate, and two fields (10 ϫ 100 m) per treatment were quantitated and expressed as the percentage of either (BrdU ϩ /O4 ϩ )/total O4 ϩ or (BrdU ϩ /A2B5 ϩ )/total A2B5 ϩ cells. Similar response histograms were obtained in three separate experiments.
Survival assay. The MTT survival assay was carried out as described previously by according to the original procedure of Manthorpe et al. (1986) . The cells were plated onto 24-well dishes in SFM with FGF-2 and PDGF-AA. The medium was withdrawn after 4 d, and the cells were allowed to differentiate in SFM alone for 5 d. At this time, we determined that the cell population was postmitotic, as confirmed by the lack of basal or stimulated (with up to 100 ng/ml NT-3 or NGF) BrdU incorporation. Therefore, the cellular effects of the growth factors (NT-3 and NGF) would represent trophic actions on survival and not proliferation. At d5, the SFM was removed and the cells were cultured in DMEM/F12, 0.1% BSA (basal medium) containing the indicated concentrations of growth factors. Basal medium was refreshed after 2 d, and an additional aliquot of NGF or NT-3 was added on day 4. The following day, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) was added to the cultures (final concentration of 0.15 mg/ml) and allowed to react for 4 hr at 37ЊC. Viable cells converted the MTT to a blue formazan precipitate. The percentage of viable cells per field (4 wells, 8 random fields, 3 independent experiments, 400ϫ magnification) was counted using a bright-field phase microscope (Olympus). Replicate wells were stained with anti-O1, and immunoreactive cells were detected using the ABC method (Vector); and the total number of O1 ϩ and total cells per well were counted as above.
Data analysis. Data collected from MAPK phosphorylation, BrdU incorporation, and survival experiments presented in Figures 5-7 , respectively, were all carried out at least in triplicate (see individual sections in Materials and Methods) and analyzed for significance by Student's t test.
RESULTS

Multiple neurotrophin receptor transcripts are expressed in developing oligodendrocytes in vitro
To characterize the range of neurotrophin receptor family members expressed by developing oligodendrocytes, we carried out RT-PCR using specific primers for trkAI, trkAII, trkB TKϪ , trk-B TKϩ , trkC TKϩ , and p75 ( Fig. 1 A-F, respectively) . The trkAI isoform, the form of trkA originally cloned, differs from trkAII by virtue of a 6 amino acid (18 bp) insert in the extracellular domain of the latter. This insert does not affect NGF receptor binding specificity, but it does confer binding to NT-3 (Barker et al., 1993; Clary and Reichardt, 1994a) . The 18 bp insert was used as a primer to identify the presence of trkAII (see Table 1 ). Using specific primers for trkAI and trkAII, both progenitors (d0) and differentiated OLs (d4 onward) expressed transcripts for the "glial" trkAI ( Fig. 1 A) (Barker et al., 1993; , whereas only differentiated OLs (d4 onward) expressed transcripts for the "neuronal" or NT-3 binding form of the trkAII (Fig. 1 B) (Barker et al., 1993; . Transcripts for trkB gp145 , the functional high-affinity BDNF receptor, were not expressed in developing OLs ( Fig. 1 D) ; however, the truncated BDNF receptor trkB gp95 was present at all developmental stages (Fig. 1C) . The tyrosine kinase domain of trkC (trkC TKϩ ) was present from days 0 through 12 (Fig. 1 E) , consistent with the findings of . The transcript for the low-affinity nerve growth factor receptor p75 was detectable in d0 -d12 cultures (Fig. 1 F ) .
High-and low-affinity neurotrophin receptor proteins are expressed within cultures of developing oligodendrocytes
Immunocytochemical analysis with neurotrophin receptor-specific antisera was performed to characterize the distribution of neurotrophin receptor subtypes in developing OLs in vitro. After propagation and expansion of the OLPs for 4 d in PDGF-AA and FGF-2, the majority of the cells appeared bipolar with very small (Fig. 2 A,C, E, G, I ). There were also some cells with shorter, more numerous processes. Most of the A2B5 ϩ cells reacted with the anti-TrkA-out antisera (Fig.  2 B) . The staining was restricted to the cell bodies. The TrkA-R antisera produced a similar staining pattern to that of Trk-A-out (Fig. 2 D) , with the exception of staining of the bipolar processes. A majority of the A2B5 ϩ cells were reactive with the Trk-B-out antisera (Fig. 2 F) . The Trk-C-out antisera reacted with A2B5 ϩ OLPs, with preferential staining of the perikarya (Fig. 2 H) . At this developmental stage, a majority of the cells were A2B5 ϩ /p75 Ϫ (Fig. 2 J) . After 4 -5 d in culture (d4 -d5), a majority of cells were O4 ϩ (87 Ϯ 8%). At this stage, the O1 antisera stained 30 Ϯ 7% of the cultured cells. After 8 d, a majority of the cells were O1 ϩ (93 Ϯ 4%) and extended multiple processes, some of which had flattened myelin-like membranes that stained brightly with the O1 antisera (Fig. 3A,C, E,G, I ).
In differentiated cells, the Trk-A-out antisera exhibited a staining pattern similar to that seen in progenitor cells, with staining restricted to the cell bodies (Fig. 3B ). However the Trk-A-R antisera also reacted with the major process extensions and, in some cases, with the flattened membranous sheaths (Fig. 3D) . All O1 ϩ cells were also Trk-B-out ϩ (Fig. 3F ) . Trk-C-out staining in O1 ϩ cells was similar to the pattern observed in progenitor cells, but there was also specific punctate staining on many of the processes (Fig. 3H ) . In differentiated cultures, all of the O1 ϩ cells reacted to the p75 antisera (Fig. 3J ) , with prominent staining on the cell bodies and extension into some of the major and minor processes. The absence of nonspecific immunoreactivity was verified by following the immunocytochemistry protocol with the absence of primary antibodies and/or with replacement of the Table 1 ). The amplified cDNA was resolved on 1.2% agarose gels containing ethidium bromide and photographed. The lower bands in D are oligonucleotide primers and were included in the figure to facilitate visualization of the lanes. 
Developmental regulation of multiple isoforms of fulllength and truncated neurotrophin receptors
To determine the pattern and to quantify the level of neurotrophin receptor expression in developing OLs, oligodendrocyte cultures (d0, d2, d4, d7, d9, d11, and d13) were analyzed by SDS-PAGE (Fig. 4) . The Trk-A-R (Fig. 4 A) antisera recognized a major band migrating at ϳ180 kDa, and the TrkA-out antisera (Fig. 4 B) identified two bands around 150 and 135 kDa. To determine whether these two antibodies recognize different proteins, the TrkA-out blot was stripped and reprobed with TrkA-R antisera. When the blots were overlaid, the upper band of the TrkA-out blot did not coincide with the major band recognized by the TrkA-R antisera. Furthermore, if the original TrkA-R blot was exposed for 30 min, the lower 150 and 135 kDa bands were visible, albeit weakly. As oligodendrocyte progenitors differentiated, the amount of TrkA immunoreactivity decreased slightly, and similar staining patterns were seen with both TrkA antibodies. Microglia and astrocytes in culture expressed relatively small amounts of the receptor proteins compared to developing oligodendrocytes. The TrkB-out antisera recognized one band at ϳ95 kDa in developing oligodendrocytes and astrocytes, but not in microglia (Fig. 4C) . As the progenitor cells matured, the level of TrkB immunoreactivity increased approximately fivefold. The TrkC-out antibody (Fig. 4 D) recognized two bands (150 and 180 kDa) in developing oligodendrocytes, which correspond to a fulllength and possibly a novel high-molecular-weight TrkC receptor isoform. Preimmune serum was used to determine the specificity of the antibody. With the preimmune serum after long exposure, very faint bands were seen at 70 -80 and 200 kDa, and the pattern of these bands did not correspond to the immune sera bands (data not shown). The p75 antibody reacted with a band of ϳ75 kDa (Fig. 4 E) . The level of p75 was initially very low, but as the progenitor cells differentiated and expressed CNP (Fig. 4 F) and MBP (Fig. 4G) , there was an 8-to 10-fold upregulation of p75 expression over the values at d0. Both microglia and astrocytes contained relatively low amounts of p75 compared to developing oligodendrocytes. These patterns of neurotrophin receptor expression are consistent with the RT-PCR and the immunocytochemical data previously presented.
NT-3 and NGF activate MAP kinase in both progenitors and differentiated oligodendrocytes
Because MAP kinase is a downstream signal transduction intermediate of Trk-induced, ras-dependent pathways in PC12 cells ( Kaplan and Stephens, 1994) , the kinetics and dose dependence of enzyme activation in response to either NT-3 or NGF were determined in OLPs (d0; Fig. 5 A,C) and in mature OLs (d7; Fig.  5B, D) . After 5 min, NT-3 (50 ng/ml) stimulated a three-to fivefold increase in the phosphorylation of MAPK in both OLPs and mature OLs (Fig. 5A, B, white bars) . In contrast, whereas NGF (50 ng/ml) stimulated an increase in MAPK phosphorylation in differentiated cells after 5 min, it took 60 min in progenitors cells to stimulate a significant increase (Fig. 5A, B , hatched bars) Furthermore, in progenitor cells (Fig. 5C, white bars) , NT-3 (0.5 and 5 ng/ml) stimulated a significant increase in MAPK phosphorylation, whereas much higher amounts of NGF (50 ng/ml) were needed to produce a significant effect. In differentiated cells (Fig.  5D ), the effect of NGF (50 ng/ml, hatched bars) on MAPK phosphorylation was similar to that observed in progenitor cells (Fig. 5C, hatched bars) . In contrast, the response to NT-3 was altered; 0.5 ng/ml NT-3, which stimulated a robust response in progenitor cells (Fig. 5C, white bars) , no longer produced a significant increase in MAPK phosphorylation in mature cells (Fig.  5D, white bars) .
NT-3 but not NGF stimulates the proliferation of oligodendrocyte progenitors, whereas both neurotrophins enhance the survival of differentiated cells
To determine the effects of the neurotrophins on the proliferation of developing oligodendrocyte progenitors, cultured cells were exposed to varying concentrations of NT-3 or NGF alone or in combination with known OLP mitogens FGF-2 (2.5 ng/ml) or PDGF-AA (2.5 ng/ml) (Fig. 6) . Application of NT-3 (1-100 ng/ ml) caused a significant increase in the number of either O4 ϩ / BrdU ϩ or A2B5 ϩ /BrdU ϩ cells compared to control wells, whereas NGF had no effect on proliferation (Fig. 6, top) . Coapplication of either neurotrophin with PDGF was only slightly more effective than addition of PDGF alone in inducing cellular proliferation (Fig. 6, middle) . The combination of PDGF with 10 ng/ml NT-3 significantly increased the proliferation of both O4 ϩ and A2B5
ϩ cells compared to PDGF alone. However, the combination of PDGF and 10 ng/ml NGF significantly increased the incorporation of BrdU into O4 ϩ cells. In contrast, coapplication of FGF-2 and NGF was significantly more effective than either factor alone in recruiting developing progenitors (both A2B5 ϩ Figure 5 . The effect of neurotrophins on the phosphorylation of MAP kinase. Oligodendrocyte progenitors (A, C) or oligodendrocytes (B, D) plated in 6-well dishes were stimulated with either 50 ng/ml NT-3 (white bars) or NGF (hatched bars) for 5-60 min, or with 0.5-50 ng/ml NT-3 or NGF for 45 min. The cells were harvested, and the lysates were resolved on 7.5% acrylamide gels. The gels were transferred to supported nitrocellulose and probed with anti-phospho-MAP kinase (P-MAPK). The blots were stripped and reprobed with anti-MAP kinase (MAPK). The optical density was determined using an optical scanner and a National Institutes of Health Image program and expressed as percent control of phospho-MAPK/MAPK Ϯ SEM (A, n ϭ 4; B-D, n ϭ 3). The treated values were compared by t test to unstimulated cultures; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.005, ****p Ͻ 0.001, *****p Ͻ 0.0001.
and O4
ϩ cells) into the S-phase of the cell cycle (Fig. 6, bottom) . Coapplication of FGF-2 and NT-3 was also more effective then either factor alone in increasing the number of O4 ϩ /BrdU ϩ and A2B5 ϩ /BrdU ϩ progenitor cells, albeit at a higher dose than NGF (1 vs 10 ng/ml; Fig. 6, bottom) .
To determine whether NGF and NT-3 support survival of differentiated OLs, we assessed cellular viability using two related methods, the MTT cell survival assay (Fig. 7A) and quantitation of surviving O1 ϩ cells (Fig. 7B) . Progenitor cultures were allowed to differentiate for 5 d, and cellular viability was determined. At this stage, the cells were postmitotic (see Materials and Methods) and ϳ95% of the cells were MTT ϩ . The cells were then switched to basal medium containing varying doses of NT-3 or NGF for 5 d and then processed for the MTT assay. Replicate culture wells were treated in the same manner and processed for O1 ϩ immunoreactivity. In the absence of added growth factors, the majority of the cells died within 5 d. NT-3 increased the number of both MTT ϩ and O1 ϩ OLs in a concentration-dependent manner (Fig. 7A,B) . NGF (1-10 ng/ml) also significantly increased the relative number of MTT ϩ and GC-immunoreactive OLs (Fig.  7A,B) . Thus, both NT-3 and NGF support the survival of mature OLs. This trophic action of NGF on mature OLs is consistent with the expression of TrkA, the upregulation of p75, and the significant increase in the activation of MAPK signal pathways by NGF in these cells.
DISCUSSION
In this study, we showed that developing rat brain oligodendrocytes express full-length transcripts for trkA, trkC, and their protein products (for summary, see Table 3 ). By contrast, TrkB gp95 and p75 were expressed at low levels in O-2A progenitors but were upregulated in mature OLs. The phosphorylation of MAP kinase within developing OLs after NGF or NT-3 application supports the existence of functional TrkA and TrkC in these cells. NT-3 application induced proliferation of O-2A progenitor cells, whereas addition of either NT-3 or NGF increased the survival of mature OLs.
Expression of TrkA and p75 and response to NGF by developing OLs
Our observations that developing rat OLs express trkA and are responsive to NGF are consistent with the findings of Althaus and coworkers. They have shown that NGF stimulates calcium transients and supports the survival and process reformation of adult porcine brain oligodendrocytes in culture (Althaus et al., 1992; Engel et al., 1994) . Although their studies identified a functional response to NGF, these observations and previous studies (Kumar 
/O4
ϩ and total O4 ϩ or BrdU ϩ /A2B5 ϩ and total A2B5 ϩ cells was counted from three independent experiments (two 10 ϫ 100 m fields from four separate wells). The data are expressed as a percentage of either BrdU
The results with either neurotrophin were compared by t test to the control, PDGF-AA, or FGF-2 treatment alone (left bars in the three panels; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.005, ****p Ͻ 0.001). Note that FGF or PDGF alone each increased proliferation without the addition of the neurotrophins (left bars of graph). The neurotrophin concentrations are indicated below the y-axis of the figure. et al., 1993; Hutton and Perez-Polo, 1995) have not examined the expression of TrkA in cultured OLs or the effects of NGF on the proliferation and survival of rodent brain-derived OLs. Three differentially processed (presumably glycosylated) forms of TrkA (135, 150, and 180 kDa) are expressed in developing OLs. The lower-molecular-weight form (underglycosylated form of TrkA; Ehlers et al., 1995) disappears with time in culture, whereas the 150 and 180 kDa forms persist in mature O1
ϩ OLs. The 180 kDa band represents a post-translational modification of TrkA that has been identified in trigeminal ganglion. This novel isoform is resistant to N-neuramidase treatment, suggesting that it does not contain N-glycosylated residues (Ehlers et al., 1995) . It is interesting to note that the TrkA-R antibody, which recognizes the 180 kDa isoform, stains the cell bodies and processes in developing OLs, whereas the TrkA-out antibody, which recognizes the lowermolecular-weight form, stains only the cell bodies. This differential pattern of TrkA distribution raises the possibility that differential post-translational modifications could play a role in targeting TrkA receptors to different intracellular locations.
NGF alone does not induce the proliferation of brain-derived O-2A progenitor cells, but coapplication of NGF and FGF-2 enhances FGF-2-mediated proliferation of O-2A progenitors. By contrast, solitary application of NGF supports the survival of differentiated cells and causes a robust and prolonged increase in the amount of phosphorylated MAPK. Because both OLPs and OLs express trkA, the reasons for these differences are yet to be determined. One possibility is that p75, which is abundant in OLs but not in OLPs, may amplify trkA responses in mature cells, as suggested in other experimental systems (for review, see Green and Kaplan, 1995) . For example, sensory and sympathetic neurons isolated from the p75 knockout mouse exhibited two-to threefold decreased sensitivity to NGF at developmental periods that coincide with the peak of naturally occurring cell death; similar observations have been reported for cutaneous sensory neurons (Davies et al., 1993; Lee et al., 1994) . These observations and others (Mahadeo et al., 1994) suggest that p75 and TrkA coexpression allows cells to respond to NGF at lower concentrations than cells that express TrkA alone. Further, introduction of p75 into MAH sympathetic neuroblasts generates an eightfold increase in NGF-stimulated Trk autophosphorylation, suggesting that a significant excess of p75 is required to modulate Trk activity or binding affinity . Finally, two recent studies have demonstrated physical interactions between the Trks and p75 (Huber and Chao, 1995; Wolf et al., 1995) , supporting the hypothesis that p75 increased the rate at which NGF associated with the Trks (for review, see Greene and Kaplan, 1995) . Thus, the enhanced responsiveness to NGF by mature OLs may be mediated by the developmental upregulation of p75.
TrkB gp95 expression is upregulated in postmitotic OLs
Using (Frisen et al., 1993) . Further, TrkB gp95 and BDNF have been shown to be expressed in mature oligodendrocytes in vivo (Wetmore and Olson, 1995) . Interestingly, Ip et al. (1993) found that the ratio of trkB gp95 to trkB gp145 increases 10-fold in the transition from newborn to adult rat brain. More recently, Barde and colleagues have shown that in the developing chick brain, truncated trkB is primarily expressed by glial cells and establishes a gradient of BDNF for adjacent neurotrophin-responsive neurons (Biffo et al., 1995) . Those studies and the findings of Wetmore and Olson (1995) suggest that oligodendrocytes may also be a source for BDNF. Thus, in the mature brain, myelinating oligodendrocytes may support BDNFdependent neurons by producing BDNF and/or by establishing BDNF concentration gradients for adjacent neurons.
TrkC is expressed in developing oligodendrocytes
Previous studies have demonstrated potent trophic actions of NT-3 on the proliferation and survival of optic nerve-derived O-2A progenitors and mature OLs both in vitro and in vivo (Barres at al., , 1994a . Barres and coworkers found a synergistic effect on OLP cell proliferation using a combination of NT-3 and PDGF. Our results show that both NT-3 and PDGF increase the percentage of OLPs that synthesize DNA. Although coapplication of NT-3 and PDGF resulted in a moderate increase in the percentage of BrdU ϩ OLPs, this increase is not significantly different than the effects of NT-3 alone. Interestingly, in vitro analysis of OLPs derived from adult rat spinal cord showed that NT-3 is not a mitogen for this cellular subpopulation (Engel and Wolswijk, 1996) . The difference in the responses in these three experimental systems may lie in their regional differences in the CNS, or in the subtype(s) of trkC transcripts expressed in these cells. Four splice variants of trkC, with functional tyrosine kinase domains, exhibit different signal transduction capabilities (Lamballe et al., 1993; Tsoulfas et al., 1993; Valenzuela et al., 1993) and, therefore, may define interactive capabilities between other tyrosine kinase receptors, such as the PDGF receptor family. Thus, further identification of the types of trkC expressed in this system and in optic nervederived OLs may shed light on the mechanisms by which trkC transduces the trophic actions of NT-3. Western blot analysis has demonstrated the existence of a high-molecular-weight (180 kDa) form of TrkC in addition to the more commonly recognized 150 kDa form. A high-molecular-weight form of TrkA has been described previously by Ehlers et al. (1995) , but no previous study has reported the existence of high-molecular-weight species of TrkC. The identification of the NT-3-responsive trkAII isoform on mature OLs raises the possibility that NT-3 may exert some of its trophic effects on the survival of mature OLs via activation of TrkA as well as TrkC. It is interesting to note that the survival assay demonstrates that the trophic effects of NT-3 on mature OLs are further potentiated at very high NT-3 concentrations (10 -100 ng/ml); thus, the effects at high factor concentrations could be transduced by both trkAII and trkC.
Trk and p75 expression in the oligodendrocyte lineage: a developmental perspective
Individual classes of peripheral nervous system neurons utilize specific neurotrophins at several stages of their development (Birren et al., 1993; Davis, 1994; and, further, neurotrophins exert trophic actions on the development and survival of several CNS neuronal and glial cellular populations. However, little is known about the developmental regulation of trk and p75 expression in CNS-derived neural lineages. We have taken advantage of the ability to identify and isolate progressive stages of the OL lineage to examine the profile of neurotrophin receptor expression in this oligodendrocyte lineage. TrkA and TrkC are both expressed at the OLP stage, whereas p75 expression occurs predominantly in mature OLs. Recent reports have shown that oligodendroglial species express NGF (Byravan et al., 1994; Qu et al., 1995) and that proliferating macroglial cultures from several CNS areas also express NGF at levels that are eightfold higher than in quiescent cells (Lu et al., 1991) . Further, Kumar et al. (1993) have demonstrated that NGF application induces p75 expression in astrocytes. Thus, endogenous NGF may upregulate p75 as OLPs undergo terminal differentiation. This hypothetical autocrine loop involving p75 upregulation by NGF may increase responsiveness of mature OLs to the neurotrophins. However, similar in vitro models of p75 upregulation by NGF in PNS neurons (Birren et al., 1993; Davies, 1994; have been questioned by Davies et al. (1995) , who showed that the developmental upregulation of p75 in the trigeminal ganglion is similar in the NGF Ϫ/Ϫ mouse and the wild-type animal. Thus, delineation of the mechanisms that regulate trkA, trkC, and p75 gene expression in developing OLs and confer increased NGF responsiveness by mature OLs will require future studies. Taken together, our results establish that NGF as well as NT-3 exert stage-specific effects on the development and the survival of OLs and provide additional insights into the range of developmental signaling pathways utilized by CNS glia.
